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Enhancement  of  Topoisomerase  l-Mediated  Unwinding  of 
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Holwitt,  E.  A.,  Koda,  E.,  and  Swenberg,  C.  E.  Enhance¬ 
ment  of  Topoisomerase  I-Mediated  Unwinding  of  Supercoiled 
DNA  by  the  Radioprotector  WR-33278.  Radial.  Res.  124, 1 07— 
109  (1990). 

The  radioprotector  WR-33278.  the  disulfide  of  WR- 1065  (N- 
(2-mercaptoethyl)-1.3-diaminopropane),  is  shown  to  stimulate 
eukaryotic  topoisomerase  I  unwinding  of  negatively  supercoiled 
DNA.  This  observation  suggests  the  possibility  that  some  pro¬ 
tection  may  be  conferred  to  DNA  either  by  a  decrease  in  its 
supercoiled  state  or  by  altering  directly  other  enzymatic  pro¬ 
cesses.  This  is  the  first  report  of  a  radioprotective  compound 
stimulating  an  enzyme  involved  in  DNA  structure  and  syn¬ 
thesis. 


INTRODUCTION 

Cellular  DNA  is  one  of  the  critical  targets  for  ionizing 
radiation.  To  mitigate  the  effects  of  ionizing  radiation,  the 
U.S.  Army  Medical  Research  and  Development  Command 
has  synthesized  several  radioprotective  drugs,  primarily 
aminothiol  compounds.  Many  mechanisms  responsible  for 
their  radioprotective  action  have  been  proposed,  including 
radical  scavenging  (/),  hydrogen  atom  donation  to  DNA 
carbon  center  radicals  (2),  enhancement  of  DNA  repair 
processes  (3).  and  reduction  in  the  target  volume.  All  of 
these  processes  require  that  the  radioprotector  or  its  metabo¬ 
lite  be  located  within  molecular  distances,  less  than  50A. 
from  DNA. 

Recent  experimental  studies  of  the  radioprotector  WR- 
1065  (jV-(2-mercaptoethyl)-l,3-diaminopropane),  the  de- 
phosphorylated  product  of  WR-2721  (S-2-(3-aminopro- 
pylamino)ethylphosphorothioic  acid),  have  shown  that  it 
binds  with  DNA  at  physiological  pH  (4,  5).  However,  the 
rapid  rate  of  WR- 1065  autooxidation  (6)  and  its  strong  de¬ 

1  Present  address:  USAF  School  of  Aerospace  Medicine.  Radiation 
Sciences  Division.  Brooks  Air  Force  Base.  San  Antonio.  TX  78235-5301. 

2  Permanent  address:  United  States  Air  Force  Academy.  Colorado 
Springs.  CO  8084 1 . 


pendence  on  trace  metal  ions  strongly  suggest  that  locally 
the  DNA  neighborhood  contains  not  only  the  chemical 
WR-1065.  but  also  its  symmetric  disulfide.  WR-33278. 
Prutz  (7)  has  recently  shown  that  disulfide  radicals,  which 
WR-33278  can  form,  may  be  the  active  form  of  sulfhy dry  1 
radioprotectors.  For  these  reasons  we  restricted  our  studies 
to  WR-33278.  Furthermore.  Holwitt  and  co-workers  (un¬ 
published)  have  shown  that  the  binding  of  WR-33278  to 
calf  thymus  DNA  is  cooperative  and  dependent  on  salt  con¬ 
centration.  WR-33278  binds  to  DNA  with  an  association 
constant  similar  to  that  reported  for  WR-1065  (4).  We  ex¬ 
pect  that  the  experimental  results  for  WR-1065  will  be  simi¬ 
lar.  The  study  was  conducted  to  determine  whether  WR- 
33278  alters  eukary  otic  topoisomerase  I  unwinding  of  su¬ 
percoiled  DNA.  WR-33278  was  chosen  because  of  the 
chemical  similarity  of  the  polyamine  spermidine  and  WR- 
33278,  the  observation  that  both  bind  to  DNA  backbone 
primarily  through  electrostatic  interactions,  and  the  re¬ 
cently  reported  observation  by  Srivenugopal  and  Morris 
that  calf  thymus  topoisomerase  1  unwinding  of  supercoiled 
DNA  was  stimulated  by  spermidine  {8). 

We  first  present  the  experimental  protocol,  followed  by 
the  main  experimental  results  (reported  in  Figs.  1  and  2). 
Our  results  indicate  that  WR-33278  enhances  topoisomer¬ 
ase  1  unwinding  of  supercoiled  DNA.  To  our  knowledge, 
this  constitutes  the  first  observation  of  an  enzy  me  process 
enhanced  by  a  radioprotective  agent.  The  paper  concludes 
with  a  discussion  of  the  superhelical  state  of  prokaryotic 
and  eukaryotic  DNA  and  possible  implications  for  radio- 
protector-enzyme  interaction. 

METHODS 

Plasmid  plBI30  was  isolated  by  the  alkaline  lysis  method  from  F\ehe- 
rieltia  eoli  (9).  Calf  thymus  Type  I  DNA  topoisomerase  was  purchased 
from  Bethesda  Research  Laboratory  and  was  used  as  received.  One  unit  of 
activity  was  defined  as  the  amount  of  enzyme  needed  to  relax  I  ug  of 
supercoiled  DNA  in  I  h.  The  radioprotector  WR-33278  was  obtained  from 
Walter  Reed  Medical  Research  Institute  and  was  used  as  received,  topo¬ 
isomerase  reactions  were  performed  as  described  by  Smenugopal  <■/  al 
ill)).  Stock  solutions  were  as  follows:  5s  KCI  ( 100  m.M ):  spermidine  ( lr>  ' 
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FIG.  I .  Photograph  of  agarose  gel  illustrating  the  stimulation  of  topo- 
isomerase  1  unwinding  of  supercoiled  DNA  by  spermidine  and  WR- 
33278.  S  denotes  supercoiled  state:  NC  denotes  the  nicked  circular  form 
and/or  the  completely  relaxed  form  of  DNA.  Numbers  in  parentheses  are 
final  concentrations  for  each  gel  lane.  Controls:  Lane  I .  plB130  DNA  alone 
(33.3  Mg/ml):  Lane  2.  plBI30  DNA  (33.3  Mg/ml)  and  topoisomerase  ( 13.3 
units/ml):  Lane  3.  DNA.  topoisomerase.  and  spermidine  ( 1.65  m.V/); 
Lanes  4  to  8.  DNA.  topoisomerase.  and  varying  concentrations  of  WR- 
33278  (50.  100.  200.  500.  and  1000  n.\l,  respectively). 


m  l/),  whose  pH  adjusted  to  7.5  with  the  basic  form  of  Tris:  and  WR- 
33278.  which  required  no  pH  adjustment.  plBI30  DNA  (125  Mg/ml)  and 
topoisomerase  (0.0667  units/uD  were  prepared  in  reaction  buffer:  20  m 3/ 
Tris  (pH  7.5).  0.5  m M  DTT.  and  6*7  glycerol.  Topoisomerase  was  assayed 
by  incubating  I  Mg  (0. 101  m.V/  in  bases)  of  plasmid  DNA  with  0.4  units  of 
enzyme  in  20  m.V/  of  KCI.  This  salt  concentration  is  below  the  optimum 
salt  concentration  of  approximately  180  m.V/  KCI  needed  for  maximum 
topoisomerase  activity  ( /  /.  12).  It  was  chosen  to  enhance  the  demonstra¬ 
tion  of  any  stimulatory  effect  by  polvamincs  and  WR-33278  of  topoisom¬ 
erase  I  activity.  Total  sample  volume  for  each  tube  was  30  m1-  Reactions 
were  carried  out  at  37°C  and  terminated  after  3  h  by  addition  of  a  Sarko- 
syl/EDTA  mixture  to  a  final  concentration  of  I  '7  and  20  m.V/,  respectively. 
Conversion  of  supercoiled  DNA  to  relaxed  forms  of  DNA  was  determined 
by  gel  electrophoresis  ( 1 .37  agarose).  DNA  was  subjected  to  electrophore¬ 
sis  at  60  V  in  Tris  acetate  EDTA  buffer  until  the  tracking  dye  (bromphenol 
blue)  was  approximately  I  cm  from  the  leading  edge:  this  usually  took  3  h. 
Gels  were  stained  with  ethidium  bromide. 


RESULTS 

Figure  1  is  a  photograph  of  representative  DNA  topo¬ 
isomerase  I  assay  on  agarose  gel.  The  relaxed  or  open  circle 
form  of  the  plasmid  is  at  the  top  of  the  gel,  and  the  super¬ 
coiled  form  is  at  the  bottom.  When  topoisomerase  I  relaxes 
DNA.  the  lower  band's  density  decreases.  Lane  1  is  pIBI30 
alone  and  shows  w  here  the  relaxed  and  supercoiled  forms  of 
the  plasmid  run  under  our  electrophoresis  conditions. 
Under  the  assay  conditions  employed  (20  m.V/  KCI),  topo¬ 
isomerase  I  has  low  activity,  and  lane  2  of  Fig.  1  demon¬ 
strates  this  lack  of  supercoil  unwinding  by  the  enzyme  dur¬ 
ing  the  time  allowed  for  the  enzyme  assay.  Lane  3  of  Fig.  1 
shows  clearly  the  stimulation  of  calf  thymus  type  I  topo¬ 
isomerase  by  spermidine  as  previously  reported  by  Srivenu- 
gopal  and  Morris  (8)  for  native  ColEl  DNA.  It  can  be  seen 
in  Lanes  4-6  in  Fig.  1  that  WR-33278  also  stimulates  the 
topoisomerase  I  unwinding  of  supercoiled  DNA  and  pro¬ 
duces  a  ladder  of  isomers  similar  to  that  produced  in  the 
presence  of  spermidine.  Also  evident  from  these  lanes  is 


that  an  increase  in  the  concentration  of  WR-33278  in¬ 
creases  the  amount  of  stimulation.  A  similar  result  was  ob¬ 
served  for  spermidine-enhanced  stimulation  of  topoisom¬ 
erase  1  (8).  Lanes  7  and  8  in  Fig.  1  show  a  pattern  similar  to 
Lane  1.  For  these  lanes  the  molar  ratios  of  WR-33278  to 
DNA  bases  was  above  2: 1 ,  and  we  have  demonstrated  using 
spectrophotometry  that  for  these  ratios,  DNA  precipitates: 
hence  the  lack  of  a  ladder  as  shown  in  Lanes  3  through  6. 
The  DNA  appears  on  the  gel  because  it  is  resolubilized  by 
the  detergent  added  to  stop  the  reaction.  The  data  in  Fig.  2 
demonstrate  that  neither  spermidine  (Lane  3)  nor  WR- 
33278  (Lanes  6-8)  in  the  absence  of  topoisomerase  I  re¬ 
laxes  DNA. 

DISCUSSION 

The  superhelical  state  of  intracellular  DNA  is  an  impor¬ 
tant  structural  determinant  of  the  function  of  DNA  in  cells 
(13-15).  Superhelicity  of  DNA  is  controlled  by  a  class  of 
enzymes  called  topoisomerases,  which  are  ubiquitous  both 
in  prokaryotic  and  in  eukaryotic  cells.  These  enzymes  alter 
the  topological  conformation  of  DNA  by  nicking  and  re¬ 
sealing  the  DNA  sugar-phosphate  backbone.  Those  that 
change  the  DNA  linking  number  by  unity  are  called  type  I 
enzymes:  type  II  enzymes  change  the  link  number  by  two. 
Type  I  enzymes  act  by  producing  transient  single-strand 
breaks  in  DNA.  whereas  type  II  topoisomerases  introduce 
transient  double-stranded  breaks  (16-18). 

Our  experimental  observation  of  the  stimulation  of  calf 
thymus  topoisomerase  I  action  by  WR-33278  is  similar  to 
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FIG.  2.  Photograph  of  agarose  gel  demonstrating  lack  of  supercoil 
unw  inding  in  absence  of  topoisomerase  I.  S  denotes  supercoiled  state:  NC 
denotes  the  nicked  circular  form  and/or  the  completely  relaxed  form  of 
DNA.  Numbers  in  parentheses  are  final  concentrations  for  each  gel  lane. 
Lanes  I  and  2.  same  as  in  Fig.  1;  Lane  3.  DNA  (33.3  Mg/ml)  and  spermi¬ 
dine!  1.65  m.V/):  Lanes  4  and  5.  DNA  and  topoisomerase  (1 3.33  units/ml) 
with  1.65  and  2.75  m.V/  spermidine.  Lanes  6  to  8.  DNA  and  WR-332’8 
(50.  100.  and  20 0  nM.  respectively). 
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the  enhanced  relaxation  of  supercoils  by  spermidine  re¬ 
ported  by  Srivenugopal  and  Morris  (5).  This  is  a  reasonable 
result  in  view  of  the  similarity  in  their  structure  since  WR- 
33278  may  loosely  be  considered  a  polyamine  containing  a 
disulfide  bond.  In  addition  we  note  that  both  WR-33278 
and  spermidine  (19,  20)  bind  externally  to  DNA  through 
electrostatic  interactions  with  the  charged  phosphate  oxy¬ 
gen  anions  (21).  Because  supercoiled  domains  exist  in  both 
prokaryotic  and  eukaryotic  ceils,  our  observation  suggests 
that  radioprotectants  may  confer  some  protection  to  the 
genome  by  decreasing  the  supercoiling  of  DNA.  The  de¬ 
crease  in  superhelicity  could  produce  a  decrease  in  the  ini¬ 
tial  damage  incurred  and/or  change  the  functional  proper¬ 
ties  of  DNA.  If  the  first  process  is  operative,  then  the  critical 
DNA  damage  sites  or  “hot  spots”  would  correspond  to 
those  DNA  regions  where  the  superhelicity  is  large.  The 
second  mechanism  suggests  possible  changes  in  metabolic 
processes,  a  virtually  unexplored  field,  although  WR-1065 
has  been  reported  to  enhance  DNA  repair  (22,  23). 

The  molecular  mechanism  responsible  for  the  stimula¬ 
tion  of  eukaryotic  type  1  topoisomerase  by  WR-33278  is 
unclear.  Both  compounds  bind  to  DNA  bu'  whether  a  tran¬ 
sient  tertiary  complex  is  formed  is  not  known  and  has  not 
been  investigated.  The  binding  of  WR-33278,  even  at  a 
DNA  site  remote  from  the  topoisomerase  site  of  action, 
may  provide  a  mechanism  for  stimulation  of  topoisomer¬ 
ase  I  action  by  conferring  enhanced  stabilization  to  the 
DNA  backbone.  These  possibilities  are  currently  under 
study.  Nevertheless,  the  observation  that  WR-33278  stimu¬ 
lates  topoisomerase  I  unwinding  of  the  supercoiled  state 
suggests  new  mechanisms  by  which  radioprotective  chemi¬ 
cals  induce  protection  against  ionizing  radiation. 
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